Spin-lattice relaxation time, spin-spin relaxation time and two-dimensional nuclear Overhauser enhancement spectroscopy (2D NOESY) experiments of polyoxyethylene lauryl ether (Brij-35) micelles in aqueous solutions at a concentration of 100 times the critical micellar concentration (cmc) give direct evidence that the hydrophilic polyoxyethylene chains, staying in the exterior of the micellar core, are coiled, bent and aligned around the micellar core with a certain number of water molecules included. This hydrophilic layer is in contact with the solvent, water, keeping the micellar solution stable.
. Although it is generally accepted that the nonpolar hydrocarbon chains are packed in the interior of the micellar core, whereas the hydrophilic polyoxyethylene chains stay outside the core and move relatively freely in the solvent, keeping the micelle stable in the solution, there are controversies on the penetration of water into the hydrophobic micellar core of the surfactants [2ü4] and the mobility of the hydrocarbon chain in the interior of the micellar core. Some authors confirmed that the motion of these hydrocarbon chains is more restricted than that in a liquid hydrocarbon of the same chain length [3, 5] . The ability of polyoxyethylene alkyl ethers to undergo self-aggregation in aqueous solution has been intensively studied by many methods, especially nuclear magnetic resonance (NMR), which can provide valuable information regarding molecular motion [6] . The spin-lattice relaxation time (T 1 ) determination of C 10 E 5 shows that the hydrophilic polyoxyethylene chains are motionally re-stricted compared with the hydrophobic alkyl chains, and so concluded that the hydrophilic polyoxyethylene chains are coiled or entangled, but where no evidence of conformation's description has been provided [4] . Spin-spin relaxation time (T 2 ) and self-diffusion studies of C 17 E 84 give the similar results [7] . Two-dimensional nuclear Overhauser enhancement spectroscopy (2D NOESY) is an effective method to study the three-dimensional structure of large molecules [8ü10] , which can provide the information of those proton pairs with inter-nuclear distances shorter than 0.5 nm in space.
One can obtain internuclear distances from the intensity of the cross peaks [11, 12] . Kolehmainen [13] reported the inter-and intra-molecular distances in an aqueous solution of bile salts with aromatic solubilizate. We have also observed these effects in an aqueous solution of TX-100 [14, 15] .
1 H NMR relaxation and 2D NOESY experiments were performed in this paper to determine the detailed structure of a widely used nonionic surfactant, Brij-35 micelles. It is obvious that T R of all the proton signals of Brij-35 at a concentration of 100 cmc is about 0.2 with the exception of H2 and H3. This suggests that the motion of Brij-35 protons is not in the extreme narrowing condition (T 1 = T 2 ), and the molecules are not in the extended single molecular state. Motion of most protons is seriously restricted, especially, of the hydrophobic protons. Among the hydrophobic protons (H4üH7), H4, whose T R values is only 0.09, is a typical proton involved in the surface layer of micellar core [15] . T R values of hydrophobic protons increase as their distances to the polar groups get longer, suggesting that the motion of these methylene protons gets less restricted. Because of the intrinsic internal rotation of the methyl groups, T R values of its protons are the largest in all the hydrophobic protons. The motion of the first oxyethylene protons (H1) next to the hydrophobic chains (T R = 0.24) is more restricted than that of other polyoxyethylene protons (H2, H3), suggesting that this oxyethylene group participates in the formation of the compact surface layer of the micellar core. Although the motion of the hydrophilic protons (H2, H3) staying in the exterior of the micellar core is less restricted than that of the hydrophobic protons (H4, H5, H6, H7) and the first polyoxyethylene protons (H1), it is still far from the extreme narrowing condition. This implies that the oxyethylene groups of the hydrophilic chain are very closed to each other. The T R values of the relaxation time measurements show that the ether bond CH 2 (H4 and H1) together with the hydrophobic protons of CH 2 (H5) next to the polar group participates in the formation of the surface layer of the micellar core, and the hydrophilic polyoxyethylene chains staying in the exterior of the micellar core are not extended. These results are similar to those of TX-100 [15] .
Experimental

2D NOESY experiment
2D NOESY spectra for Brij-35 aqueous solution at a concentration of 100 cmc were obtained with mixing times of 900, 700, 500, 400, 300, 100 and 80 ms. Contour plots of the 2D spectra obtained with mixing times of (a) 80, (b) 300, (c) 500 and (d) 700 ms are shown in fig. 2 . Cross-peaks between protons on adjacent carbon atoms (H6-H7, H6-H5, H6-H4, H5-H4, H5-H1, H5-H2, H6-H1 and H6-H2, etc.) are observed. The presence of cross-peaks between water protons (HW) and the hydrophilic protons H2 is the evidence of interactions of the hydrophilic polyoxyethylene chain with water molecules. The presence of cross-peaks between water protons(HW) and the hydrophobic protons H6 suggests that the micellar core is penetrated to some extent by water molecules.
The evolution of the intensities of the cross-peaks in the 2D NOESY spectra of Brij-35 aqueous solution with the mixing times is shown in fig. 3 . The intensities of cross-peaks between the hydrophobic proton pairs (H6-H4, H6-H5 and H6-H7) reach their maximum already at a mixing time of 400 ms. However, those of H6-H1, especially H6-H2, still increase gradually. This indicates that the diffusion of magnetization along the hydrophobic chain is possible in this system, although spin-diffusion does not completely couple all the nuclei in the micelle. It is reasonable to ensure that the intensities of the cross-peaks are not destroyed by spin-diffusion at the mixing time of 300 ms. So the distances between proton pairs in Brij-35 micelles were calculated with the measured intensities of the cross-peaks at the mixing time of 300 ms [12] . The following formula was used with the aid of the known distance H5-H4 (r 54 = 0.282 nm) in the molecule. r mn / r 54 = (I 54 / I mn ) 1/6 , where I 54 and I mn are the intensities of the cross-peaks between H5 and H4 and between the two nuclei of interest, respectively, r 54 and r mn are the corresponding internuclear distances. It should be mentioned that the proton signal of the hydrophobic alkyl chain (H6) and the polyoxyethylene chain (H2) are seriously overlapped resonances of 9 and 42 methylene groups, respectively. The intensities of the cross-peaks of H6 and H2 with other protons are the contribution of the sum of many protons. The internuclear distances between H2 and other protons listed in table 2 are the average values of the twenty-one oxyethylene groups. Eighteen methylene protons of the hydrophobic alkyl chain (H6), and four methylene protons of the oxyethylene group (H1) next to the nonpolar hydrophobic alkyl chain are also taken into account in calculation of the internuclear distances from the intensities of the corresponding cross-peaks. Therefore, the inter-proton distances calculated according to the above formula is actually the geometrically average distances between groups having chemically equivalent protons. Although these internuclear distances calculated are not precise, they can characterize the conformation of the system that we are studying. Inter-proton distances calculated from the 2D NOESY spectra are listed in table 2 as r mn and the inter-proton distances calculated from HYPERCHEM are listed as r cal . Here the internuclear distances between H2 and other protons are the average distances from protons on each oxyethylene group to the proton of interest (i.e., the distance between the center of gravity of the protons in the polyoxyethylene chain and the protons of interest). It should be mentioned that the NOESY effect can be either intra-or inter-molecular in origin, and it is impossible to discriminate between them when one deals with interaction between molecules of the same kind. Therefore, we can only assume that the inter-proton distances obtained by the 2D NOESY experiment are the weighted averages of these two interactions. These values being averaged cannot give the exact conformation of the molecule; however, they can give valuable information about the change of conformation qualitatively. It is obvious that inter-proton distances of adjacent carbon atoms in the micelles agree with those of the single molecule calculated by HYPERCHEM. Inter-proton distances of the proton pairs which have cross-peaks presented in the 2D spectra, especially those between the hydrophilic protons (H1 and H2) and the hydrophobic protons (H6 and H5), respectively, are much shorter than those of the single molecule calculated by HYPERCHEM, where the hydrophilic polyoxyethylene chain is in the extended form, so only when the hydrophilic chain is coiled, such close vicinity would be possible between the hydrophilic and the hydrophobic chains. This agrees quite well with the results of relaxation experiments.
Discussion
Structure of micellar core and penetration of water
Although controversies of different opinions on the penetration of water into the micellar core exist, the 2D NOESY spectrum of Brij-35 in aqueous solution at a concentration of 100 cmc does not give evidence about interaction between water protons and any protons of a Brij-35 molecule other than H2 and H6. The presence of cross-peaks between water protons and the hydrophilic protons H2 suggests that water molecules are involved in the coiled polyoxyethylene chains. The presence of cross-peaks between water protons and the hydrophobic protons (H6) suggests that the micellar core is penetrated to some extent by water molecules. This agrees quite well with the previous work [2ü4] . It is also likely that such penetration would occur in a coiled or entangled chain configuration [4] .
Conformation of the hydrophilic chain
We can conclude that the hydrophilic polyoxyethylene chain of Brij-35 micelles in aqueous solution at a concentration of 100 cmc is coiled or bent in certain degrees both from the spin-lattice and spin-spin relaxation times (table 1) and the 2D NOESY spectrum (fig. 2) . The reason is as follows: All the T R values of protons of the Brij-35 in the aqueous solution are much smaller than unit, suggesting that the motion of these protons is far from the extreme narrowing condition.
It is well known that protons situated 0.5 nm and farther apart in space do not show cross-peaks in the 2D NOESY map. Molecular simulation by HYPERCHEM tells us that the distance between H6(1), the methylene protons nearest to H5, and the first oxyethylene protons H1(1) is very much larger than 0.5 nm. But cross-peaks between proton pairs of the oxyethylene chain and of the alkyl chain (H6-H1, H6-H2, H5-H1 and H5-H2) appeared in the 2D NOESY spectrum, besides the fact that internuclear distances between protons obtained from the 2D NOESY spectrum, are very much shorter than those calculated by HYPERCHEM, further indicating that the hydrophilic polyoxyethylene chains are coiled and bent. In forming micelles, the polyoxyethylene chains might become coiled or bent and aligned along the surface of the Brij-35 micellar core. A layer thick in dimension and loose in structure surrounding the micellar core is formed. The loose layer allows a certain amount of water molecules to be included, forming a thick hydrophilic layer, which keeps in contact with the solvent water, rendering the micellar solution stable. This conformation provides the possibility of strong intermolecular interaction between the hydrophobic protons in the micellar core and those of the polyoxyethylene chains. It supports the somewhat restricted motion of the polyoxyethylene chain of Brij-35 micelles mentioned above. The motion of the first oxyethylene protons (H1) next to the hydrophobic chain (T R = 0.24) is more restricted than that of the other polyoxyethylene protons (H2, H3), suggesting that this oxyethylene group participates in the formation of the compact surface layer of the micellar core.
Conclusion
The micellar conformation of nonionic surfactants, TX-100 and Brij-35, shows that their hydrophilic polyoxyethylene chains, staying in the exterior of the micellar core, are coiled, bent and aligned around the micellar core with a certain number of water molecules included. This hydrophilic layer is in contact with the solvent, water, keeping the micellar solution stable. Especially the first oxyethylene group next to the hydrophobic chain participates in the formation of the surface layer of the micellar core. The motion of the hydrophilic polyoxyethylene chains is less restricted compared with the hydrophobic alkyl chains.
